MicroRNA-offset-RNAs (moRNAs) were recently detected as highly abundant class of small RNAs in a basal chordate. Using short read sequencing data, we show here that moRNAs are also produced from human microRNA precursors, albeit at quite low expression levels. The expression levels of moRNAs are unrelated to those of the associated microRNAs. Surprisingly, microRNA precursors that also show moRNAs are typically evolutionarily old, comprising more than half of the microRNA families that were present in early Bilateria, while evidence for moRNAs was found only for a relative small fraction of microRNA families of recent origin.
INTRODUCTION
In a recent study, Shi et al. (2009) found that in the tunicate Ciona intestinalis, half of the identified microRNA (miRNA) loci encode up to four distinct, stable small RNAs. These additional RNAs, termed miRNA-offset RNAs (moRs), are generated from sequences immediately adjacent to mature miR and miR* loci. Like mature miRNAs, they are ∼20 nt long, developmentally regulated, and appear to be produced by RNAse III-like processing from the premiRNA hairpin. This observation prompted us to specifically search for analogous pattern in human small RNA sequencing libraries.
METHODS
The datasets analyzed here for expression at miRNA loci were produced in the context of other projects and will be published in that context. In brief, total RNA was isolated from the frozen prefrontal cortex tissue using the TRIzol (Invitrogen, USA) protocol with no modifications. Low molecular weight RNA was isolated, ligated to the adapters, amplified and sequenced * To whom correspondence should be addressed.
following the Small RNA Preparation Protocol (Illumina, USA) with no modifications.
Reads were mapped to the human genome (NCBI36.50 Release of July 2008) using segemehl (Hoffmann et al., 2009 ), a method based on a variant of enhanced suffix arrays and matching statistics that efficiently deals with both mismatches as well as insertions and deletions (in/dels) and does not require preprocessing steps such as clipping of adapter sequences. Of the 355 453 reads, 83 093 (23.4%) mapped to miRBase loci (version 12.0); the full sequences of the latter reads can be retrieved from the Supplementary Material. The mapped reads were then sorted by genomic position. Two reads were assigned to the same putative ncRNA locus if they are separated by <39 nt.
Once ncRNA loci were defined, we faced the problem of dividing consecutive reads into blocks to detect specific expression pattern. Note that this task is different from the segmentation of, e.g. tiling array profiles (Huber et al., 2006) , since we cannot a priori restrict ourselves to non-overlapping blocks. Due to biological variability and sequencing inaccuracies, the read arrangement does not always show exact block boundaries. We have developed the blockbuster tool that automatically recognizes blocks of reads. In the first step, a mapped read u with start and end positions a u and b u is replaced by a Gaussian density ρ u with mean µ u = (b u +a u )/2 and variance σ 2 u . We set σ u = s|(b u −a u )/2|, where s is a parameter that is used to tune the resolution. For each locus, these Gaussian densities are added up separately for the two reading directions. The resulting curves f + and f − that exhibit pronounced but smooth peaks centered at blocks of reads with nearly identical midpoints (Fig. 1, middle panel) . Now we use a greedy procedure to extract the reads that belong to the same block:
(1) Determine the locationx of the highest peak.
Set B =∅ and δ = 0.
(2) Include in the block B all reads u such that
. Set δ to the standard deviation of means µ u , u ∈ B, and repeat step (2) until no further reads are included in u (3) Compute f B = u∈B ρ u , output B, remove the reads in B, and set
This procedure iteratively extracts blocks in an order that intuitively corresponds to their importance (Fig. 1) . Since the area under a peak equals the number of reads in the block the height of the peaks provides a meaningful trade-off between the coherence of a block and its expression level. We therefore suggest to use the height of the peak to define the stop condition for blockbuster. Here, we used s = 0.5, a value that requires blocks to be well separated to be recognized as distinct.
We remark that block-detection could alternatively be performed using Gaussian deconvolution approaches, which are commonly used, e.g. in chromatography (Vivó-Truyols et al., 2005) and many areas of spectroscopy. However, for the present application, the additional computational efforts do not seem to be justified. Furthermore, we still would need a heuristic to associate individual reads to the peaks.
Since we are concerned only with the known miRNA precursors, we extracted the loci contained in miRBase (version 12) (Griffiths-Jones et al., 2008) . Of the 701 miRBase loci, 514 showed evidence for expression in the brain libraries. We used blockbuster to cross-check the location of miRs and miRs* between annotation and our short-read data, and to determine their expression levels. A custom-track for the UCSC Genome Browser was used for visualization (Fig. 2) . These data as well as other information can be retrieved from the Supplementary Material.
Since moRs are generated from the sequences immediately adjacent to mature miR and/or miR* sequences, the most obvious approach is to search for reads in the flanks of the 514 known miRNA precursors. We used RNAplfold (Bernhart et al., 2006) with a window size of L = 120 to first predict all thermodynamically favorable local base pairs that are robustly formed by the putative precursor sequence. Then we used an unbranched maximum matching algorithm to determine the position of the hairpin loop.
Among the 701 miRBase loci, 84 showed evidence for expression outside the canonical miR and miR* positions. Of these, we excluded six for various different reasons. Two of the annotated miRNAs appear to be snoRNAs: mir-1248=HBI-61 and mir-1826. The locus annotated as hsa-mir-1300 exhibits a read pattern that is clearly distinct from the expectation for miRNAs, and it does not form a convincing precursor hairpin (see Supplementary Material) . The mir-103-2 locus produces short RNAs from both the sense and the antisense strand, and hence might be organized differently from typical miRNA loci. The single read near mir-25, a member of one of the human mir-17 clusters (Tanzer and Stadler, 2004) , is found ∼20 nt away from the mature miRNAs, and hence does not match the characteristics of moRNAs.
For the remaining 78 loci with moRNA reads, the cut-point between miRNA and moRNA was determined by visual inspection of the read patterns. Sequences were aligned at the cut-point to investigate potential sequence patterns associated with moRNA processing. However, no significant differences between miRNA loci with and without moRNA reads were detected.
The miRNAs were classified into families defined by recognizable sequence homology; with a few exceptions, these correspond to the classification of the miRBase. For each family, its evolutionary origin was mapped to the last common ancestor of all species in which a family member could be identified using procedures described in detail by Hertel et al. (2006) . This entails a comprehensive homology search and the manual construction of structure-annotated alignments. To date, we have been able to complete this data set only for miRNA families in miRBase version 11.0.
In order to check whether moRNA reads are detectable also in other cell types, we analyzed the miRNA 'Expression Atlas' (Landgraf et al., 2007) , which contains 52 842 small RNA reads of which 12 009 mapped to 467 distinct miRBase loci. Out of these 467 miRNA loci, 218 were also found in our data set. Twentythree of these clusters showed evidence for moRNAs with 11 being also predicted as moRNAs in our data set. Further analysis showed identical patterns for these moRNAs in both libraries (see Supplementary Materials for details).
RESULTS
In the brain libraries, we found 78 annotated miRNA loci that exhibit blocks of reads at positions characteristic for moRNAs. For 11 loci, the miRNA Expression Atlas (Landgraf et al., 2007) also contains moRNA reads, see Supplementary Material. In all cases, the reads match perfectly and uniquely to the human genome (hg18), strongly suggesting they are neither technical nor computational artifacts. For 71 of the 78 loci, the moRNAs are conserved together with their miRNA. In contrast to the situation in the urochordate Ciona intestinalis, however, human moRNAs appear to be expressed at very low levels. In particular, at least in the brain libraries examined here, moR levels are systematically below the expression levels of miR and miR* reads.
One of the most prominent regulated moRs in Ciona intestinalis is miR-219 (Shi et al., 2009) . Interestingly, three of its human paralogs also produce clear evidence for offset RNAs (miR-219-2, three reads; miR-124-1, three reads; and miR-124-2, four reads).
The offset RNA reads at the 78 human loci share several characteristics with each other and with the moRNAs of urochordates: (i) The moRNA reads are located adjacent to the miRNA reads, and in some cases with only a few nucleotides overlapping the miR or miR*. This conforms with the findings in urochordates and is indicative of processing by a Dicer-like enzyme ( Shi et al., 2009) . (ii) In most cases, the moR sequences are located completely within the predicted hairpin structure. (iii) The moRNA reads are located (almost) entirely in a well-conserved region. Compared to the 3 -side of the stem, there are more than five times as many moRNA reads on the 5 -side of the stem. This is independent of whether the 3 -or 5 -side is predominantly processed into miRNAs. In fact, exactly half of the 78 loci show a prevalence of the 5 -miR, while the 3 -miR is more abundant in the remaining 39 cases. In contrast, the 5 -moRNA is represented by more reads than the 3 -side in 67 cases (86%). Correspondingly, most of the loci have moRNA reads only on the 5 -side of the precursor hairpin (Fig. 3) .
This prevalence for the 5 -side is independent of the expression patterns of the mature miRNAs. Using Fisher's exact test, we find that there is no significant association of the 3 /5 -bias in the numbers of moRNA-and miR reads, respectively. There is also no significant correlation between the number of moRNA reads and the expression levels of the corresponding mature miRs (Fig. 3 ).
An investigation of the sequence patterns around the cut-site between miRNA reads and offset reads shows no discernible sequence preferences. Interestingly, there is also no difference in the predicted length of precursor hairpins between miRNAs with and without moRNA reads. For details we refer to the Supplementary Material.
The miRNA families with offset RNAs are significantly overrepresented among the oldest animal miRNAs. In fact, more than half of them originated already in the ancestral bilaterian. Among those that have arisen in Mammalia, again the older ones are more likely to exhibit evidence for moRNAs (Fig. 4) .
The 78 miRNA loci belong to only 54 distinct families. Of these, four families show moRNAs in three or more paralogs, and seven families have two paralogs with evidence for moRNA expression. As almost all miRNA families with multiple paralogs are evolutionarily old, this observation corroborates the association of moRNAs with an early evolutionary origin.
DISCUSSION
Despite the low level of expression compared with miRNAs, our data strongly suggest that many human pre-miRNAs are processed to produce moRNAs in a systematic way. Several lines of evidence suggest that these transcripts are functional, in particular the extreme level of sequence conservation and the example of miR-219 with moRNAs conserved between human and Ciona. The uncorrelated expression of miRs and moRNAs, and the extreme 5 -bias of moRNA reads provides evidence that human moRNAs are not just a random by-product of the miRNA processing pathway. The observation that moRNAs sequences are also found by Sanger sequencing rules out that they are technical artifacts from the next generation sequencing procedures. Taken together, our analysis points to a function independent of that of the miRNAs processed from the same locus. These molecules thus may well form a distinct functional class of miRNA-like agents, e.g. akin to mirtrons (Berezikov et al., 2007) . This conclusion is supported further by the intriguing observation that the majority of miRNAs with moRNA expression are among the evolutionarily oldest families.
